This paper treats multi-way microstrip power dividers composed of multi-step, multi-furcation, and corners. Since the design procedure is founded on the planar circuit approach in combination with the segmentation method, optimization of the circuit configuration can be performed in a reasonable short computation time when applying the Powell's optimization algorithm. Actually, broadband 3-and 4-way power dividers with mitered bends are designed, and fractional bandwidths of about 90% and 100% are realized for the power-split imbalance less than 0.2 dB and the return loss better than −20 dB, respectively. The validity of the design results is confirmed by an EM-simulator (HFSS) and experiments.
Introduction
A power divider/combiner for RF power division and combination is one of the basic passive components and applied to many microwave and millimeter wave systems and devices such as antenna feeders and power amplifiers. Constituting principle of the divider/combiner is classified roughly into two groups; (1) a branch-line type divider which consists of two or more output lines branching in parallel from an input line [1] , [2] and (2) a planar circuit type one which is designed by utilizing the two-dimensional current distribution on a strip conductor pattern [3] , [4] . The former type requires matching networks such as quarter wavelength transformer, because the characteristic impedance of the input line usually differs from that of the parallel combination of the output lines. As the number of output lines increases, the characteristic impedance of the transformers is required to be a higher value and the performance of the divider degrades due to the effect of parasitic reactance at the junction. For the latter type, dividers/combiners of circular and circular-sector shaped planar circuits are known. The operating principle of this type is based on the field distribution of resonant modes in the planar circuit, and therefore, narrow bandwidth is theoretically inevitable.
The present power dividers belong to (1) . The output lines branch from a low impedance line nearly equal to their combined impedance. Then the low impedance line is connected with an input line through a multi-section trans- † † The authors are with the Graduate School of Engineering, University of Hyogo, Himeji-shi, 671-2201 Japan.
a) E-mail: kisihara@c.oka-pu.ac.jp former to achieve broadband matching. In general, isolation characteristics between output ports become worse without resistors to absorb unbalanced reflected power from output ports. This will cause a severe problem, when the divider is used as a power combiner. It should be noted that the application for this kind of divider is restricted to the dividing in the main. In this paper, we attempt an integration design of multi-way microstrip power dividers composed of multistep, multi-furcation, and 90
• and 45
• mitered bends by the use of a CAD program based on the planar circuit approach along with the segmentation method. Though the structure is compact, some discontinuities are in close proximity to each other, and they often cause degradation of circuit characteristics. Therefore, the interaction caused by not only propagating modes but also non-propagating higher-order modes must be considered and its positive use is preferred. In addition, short computation time is requisite to determine the circuit configurations by using repetitious optimization algorithm. In this sense, the present CAD program is very useful.
As a result, broadband 3-and 4-way power dividers with very flat equal-power-split property are obtained [5] . Their fractional bandwidths are 90% and 100% for the power-split imbalance less than 0.2 dB and the return loss better than −20 dB, respectively. The validity of the design results is confirmed by HFSS and experiments. Figure 1 shows the circuit structure of a 3-step, 3-way microstrip power divider integrated with 90
Design Procedure
• mitered bends connected at output ports. It is noticed that this circuit configuration can be synthesized from several rectangular and triangular shaped planar circuits. In this paper, we utilize the planar circuit approach (or two dimensional approach) and the segmentation/desegmentation method for the design and the analysis of the power dividers [6] . Figure 2 shows the planar circuit model of the 3-way power divider corresponding to Fig. 1 . The broken lines indicate the actual strip conductor pattern. The solid lines represent the fictitious magnetic sidewalls derived from the planar waveguide model including fringing field effects at strip conductor edges. Namely, the widths of the conductors in the planar waveguide model are determined by considering the effective conductor width of the microstrip. In this paper, a 50 Ω line width W and its effective width W eff become 0.51 mm and 1.84 mm, respectively, as described in the later section. The details of the planar waveguide model can be found in the literatures such as [7] . The derivation formulas of the effective width and the effective relative permittivity are summarized in Appendix. We apply the planar circuit approach to the configuration surrounded by the solid lines. The actual circuit pattern shown in Fig. 1 can be obtained by subtracting the dimensions equivalent to fringing field effects from the planar waveguide model structure. The fictitious magnetic sidewalls between ports #2 and #3 and between ports #3 and #4 contact at a branch point, respectively. However, the magnetic walls do not cross each other. In the initial stage, b 4eff = 3 × W eff is satisfied. The dotted lines in Fig. 2 represent the dividing planes of the circuit for the segmentation method and, in this case, the entire circuit is divided into 4 rectangular segments and 2 mitered bend segments. The segmentation method [6] is applied for these segments. When the microstrip line is approximated with the planar waveguide model, a shift in reference plane affected by the effective width is always caused. Therefore, the dividing planes of the circuit are transferred from the original positions by the increased widths. The reason for discrepancy between the dotted lines and the actual strip changes in width appeared in Fig. 2 is due to the expansion of the circuit dimensions. In a similar reason, although Fig. 2 is sketched as if the strip edge overlaps with the fictitious magnetic wall around the 90
• mitered bends, it doesn't correspond with placing the magnetic wall just on the strip edge. Figure 3 gives the schematic explanation of synthesis of a 3-step, 3-way power divider. As shown in the figure, the 3-way divider is composed of a 3-step transformer segment and two 90
• mitered bend segments. Furthermore, the 3-step transformer segment can be divided into three pieces of 2-port rectangle segment and one 4-port rectangle segment as shown in Fig. 4(a) . By deriving the Z-matrix of each segment on the basis of the planar circuit approach and connecting them under the continuity condition of the voltages and currents by the segmentation method, the impedance matrix of the 3-step transformer segment can be obtained. The analysis of the mitered bend segment is performed by removing a right-angled isosceles triangle segment from a 2-port rectangle segment as shown in Fig. 4(b) , i.e., the desegmentation method is employed. It should be noted that the sides of the isosceles triangle to be cut away coincide with the width of the output port (lower port of the 2-port rectangle segment). However, after optimizing the circuit configuration, they are not necessarily consistent with the left side port of the 2-port rectangle segment.
Finally, by terminating the higher order modes of all ports in their own characteristic impedances, we can compute the scattering matrix of the divider. Additionally, a faster computation method of the Z-matrix for rectangular segments [8] is applied pertinently so as to reduce the computation time.
Design of Three-and Four-Way Power Dividers

Three-Way Power Divider with 90
• Mitered Bends
In this section, we design multi-way power dividers based on the above mentioned procedure. In this paper, the center frequency of designing is selected at 4 GHz, and then the relative permittivity and thickness of microstrip line substrate are chosen as ε r =10.3, d=0.64 mm, respectively. As mentioned in the previous section, a 50 Ω microstrip width W becomes 0.51 mm for this substrate. Its effective width W eff and effective relative permittivity ε reff at 4 GHz can be calculated from the equations in Appendix as 1.84 mm and 6.88, respectively. The dimensions of the multi-stepped impedance transformer are chosen to be those of Chebyshev transformer as an initial value [9] . Assuming the maximum allowable reflection coefficient magnitude in the passband to be 0.05 (−26 dB), the strip widths of each step giving the Chebyshev response for the characteristic impedance ratio 3:1 are determined after Ref. [9] . First, the frequency characteristics of the Sparameters of the 3-step, 3-way power divider were calculated with this dimension. Fig. 5 displays the results. The upper limit of operating frequency is determined from the width b 4 capable of suppressing higher order propagation modes. The center frequency 4 GHz is determined from the consideration. The 3-step transformer and the distance between the transformer and the 3-furcation (a i ) are chosen as 1/4 wavelength, and the corner of the 90
• bend is cut away at a diagonal line (a i ={7. 10 ; in mm, except ε r ). The reflection characteristics of the corner itself are estimated to vary from the calculation as −38.6, −26.6, and −21.8 dB for 1, 4, and 7 GHz, respectively. From Fig. 5 , it is found that S 11 indicates the deteriorated characteristic of Chebyshev transformer and the output levels separate gradually as frequency increases. This original circuit does not have sufficient characteristics as a power divider.
In order to improve the imbalance of the outputs, the circuit configuration must be adjusted by considering the interaction between the 3-step transformer, 3-furcation and mitered bends. Figure 6 shows the S -parameters of the 3-step, 3-way power divider with 90
• mitered bends optimized at a center frequency of 4 GHz by employing the Powell's method [10] , except ε r ) . In optimization process, as be described above, the dimensions are determined with consideration of the interaction among the propagating modes and the non-propagating higherorder modes. The equal power-split ratio (|S 21
is realized by making the width b 4 of the junctions of the output ports #2 -#4 broader than the 50/3 Ω microstrip width. The performance function employed for the optimization possesses the same form described in Ref. [11] and is given by
where f is a frequency of sampling point, R represents a power split ratio, and C 1 and C 2 are weight coefficients. The circuit dimensions are determined such that the above function is minimized. Three sampling points 2.6, 4.0, and 5.3 GHz are used to obtain the results in Fig. 6 . It is found that return loss smaller than −20 dB and a flat 3-way equal power-split property are achieved on a frequency region from 2 to 6 GHz. Its power-split imbalance is less than 0.1 dB and the fractional bandwidth nearly 90%. Moreover, the phase difference between S 21 and S 31 becomes nearly 0 by an appropriate choice of the reference planes. The magnitudes of output impedance matching (S 22 , S 33 ) and isolation between output ports (S 32 , S 42 ) at 4 GHz are (−3.67 dB, −3.56 dB) and (−9.48 dB, −9.04 dB), respectively. These are comparable to the theoretical values −3.52 dB and −9.54 dB of a lossless 3-way divider. In addition, the design results are compared with the results simulated by the HFSS. The circuit configuration drawn on the HFSS is the same as that of Fig. 1 . Although S 11 deteriorates slightly, both the results are in good agreement and the validity of this design technique is confirmed. We can guess that the differences of the return loss result from a slight disparity between the planar waveguide model and the actual fringing fields especially in the narrow spacing of strip conductors such as the 3-furcation and the notch of the mitered bend. Also, because the reference planes of the planar waveguide model differ from the reference planes of the original microstrip pattern, they have to be shifted back adequately with consideration of the difference between the effective widths of the planar waveguide model and the actual widths of the microstrip lines. We can also design a more compact divider with a 2-step transformer, if a decrease of bandwidth is acceptable.
In the calculation of the planar circuits, the numbers of normal mode functions considered are 40 in the rectangular segments (singly infinite series) and 30 × 30 in the triangular segments (doublely infinite series). In addition to the dominant mode, three higher order modes are considered at the input/output ports and the fictitious coupling ports. The width of fictitious coupling ports for the triangular segment is assumed to be sufficiently narrow that only the dominant mode is retained, and the number of ports is chosen as about 10 depending on the width and location. The computation time to calculate one frequency point is 0.1 seconds for the 3-step, 3-way power divider corresponding to Fig. 6 , while the HFSS needs 328 seconds (air=5 mm, frequency=4 GHz, adaptive path=15) on Pentium4 3.2 GHz computer. The present method requires about 1/3280 computation time compared with the HFSS. Also, the CPU time for the optimization using the Powell's method is 12 minutes and 46 seconds (by sampling at 2.6 GHz, 4.0 GHz, and 5.3 GHz). If the HFSS is employed as a computation engine, it can be estimated to spend about 29 days.
The divider in Fig. 1 may cause inconvenience when connecting with other circuits, because the three output ports are placed on the different sides. A structure in Fig. 7 provides a solution to the problem. The output ports are arranged in the same direction by using additional mitered bends. The curved line in port 3 is introduced to compen- sate phase differences. Parameters c 1 and L 1 in port #4 also apply to the bend in port #2. Parameter c 2 represents the cutting dimension for four bends added in port #3. Figure  8 shows the frequency characteristics of the S -parameters of the 3-step, 3-way power divider with rearranged outputs optimized at 4 GHz. In the optimization, the initial parameters are determined as follows. The variables a i and b i are the same values as those utilized in Fig. 5 , namely, the dimensions of the Chebyshev transformer derived from fundamental circuit theory. Both c 1 and c 2 are set to 0.76 mm that is calculated from the optimum value of the effective cutting dimension for the bend (c 1eff , c 2eff =1.55 mm) in the planar waveguide model. Lines for phase compensation are set to L 1 =2.00 + effective widths (0.73 mm+0.66 mm) = 3.39 mm (fixed), L 2 =W eff (1.84 mm) + 1.00 mm + effective width (0.66 mm) = 3.50 mm (fixed), and L 3 =L 4 (fixed)= 1.00 mm + effective widths (0.66 mm+0.66 mm) = 2.32 mm (initial: a i ={7. 10 ( 4 GHz)={1.55, 1.54}; in mm, except ε r ). It is found that a 3-way equal power-split property with a fractional bandwidth of 92.5% is realized for the center frequency 4 GHz. Again, the results are compared with the results simulated by the HFSS. Its power-split imbalance is within 0.3 dB. The phase difference among outputs differs from the design result by 7
• at 4 GHz (about 0.5 mm in length). By modifying the length of L 3 (=2.28 mm) to 1.99 mm, about zero phase difference is obtained.
The 3-way power divider corresponding to that in Fig. 6 was fabricated as a trial and the frequency characteristics of the S -parameters were measured. Figure 9 exhibits the measured results. It is found that good results are obtained, and hence the validity of the design technique is confirmed.
Four-Way Power Divider with 90
• Mitered Bends Secondly, we attempt to design a 4-way power divider integrated with 90
• mitered bends. The 90
• mitered bends are added to ports 2 and 5 and the 45
• ones to ports 3 and 4 as shown in Fig. 10 . The Chebyshev transformer in this divider is constructed with four impedance steps. If a narrower bandwidth answers the purpose, the 4-way divider also can be realized with two or three impedance steps. The aim for using four impedance steps is mainly to indicate that the present design technique is applicable to more complex structure with many parameters, in addition to realize a broadband property. The planar circuit model of the 4-way power divider corresponding to Fig. 10 is given in Fig. 11 . The 45
• mitered bend employed here is formed with a 30
• slope. Because the eigenfunctions for 22.5
• isosceles triangular circuit cannot be solved analytically, the Green's function expression for the impedance matrix is not available. For a solution to the difficulty, a 30
• -60
• -90
• triangular circuit is used instead. Though the eigenfunctions of the 22.5
• triangle can be derived by using approximation such as rectangular steps, it is inappropriate for the repetitious optimization algorithm because of increasing computation time. The 45
• bend can be constructed from two rectangular circuits and three triangular circuits, and hence, can be analyzed by the segmentation and desegmentation method with skill. The detailed description is found in [11] . An integration design of a 4-step, 4-way power divider with 90
• mitered bends is performed in the same way as the 3-way power divider. fractional bandwidth is 101%, amplitude difference between S 21 and S 31 less than 0.2 dB, and the phase difference between outputs nearly equal to 0. The absolute values of output impedance matching (S 22 , S 33 ) and mutual coupling between output ports (S 32 , S 42 , S 43 , S 52 ) at 4 GHz are (−3.03 dB, −2.79 dB) and (−9.93 dB, −11.66 dB, −12.64 dB, −10.80 dB), respectively, and which are roughly comparable to the theoretical values −2.50 dB and −12.04 dB of a lossless 4-way divider. The design results are compared with the simulation results of HFSS, and the validity of this design technique is confirmed again. It is noticed that the configuration of the strip conductor for the 4-way branch line is modified from the 3-way divider case, especially the joints between the ports #2 and #3 and between the ports #4 and #5 are deeply cut down on a slant. This adjustment was performed on the HFSS after the optimization. The structure obtained plays an important role for realizing a very flat equal-power-division. In this case, a discrepancy between the waveguide model and the actual microstrip pattern is contained also. Slight separation of power split appearing around high frequency region may be caused by the influence of non-propagating higher order modes, since the frequency becomes close to the cut off value of the first higher order mode.
The 4-way power divider corresponding to that in Fig. 12 was also fabricated and the frequency characteristics of the S -parameters were measured. The results are shown in Fig. 13 . Partially high reflection of S 11 and slight deterioration in S 21 and S 31 would be due to fabrication accuracy such as inclined ports. With these considerations, the validity of the design technique is confirmed again.
Needless to say, we can design more compact dividers by decreasing the number of impedance steps.
Conclusions
We designed the broadband multi-way microstrip power dividers with compact structure on the basis of the planar circuit approach and the segmentation and/or desegmentation method. The dividers possess very wide bandwidth, i.e., the fractional bandwidth of nearly 90% for the 3-way divider and 100% for the 4-way divider. Moreover, very flat powersplit characteristics were achieved. The validity of the design technique was confirmed by the simulation results of HFSS and the experiments. The application of the present divider is restricted to power-division because of insufficient isolation characteristics. The improvement of the isolation characteristics would be a further subject.
constructed from the effective conductor width w eff ( f ) and the effective relative permittivity ε reff ( f ) using above equations (with ε r =10.3, d=0.64 mm, t=35 µm).
